SUMMARY
A limited number of non-canonical genetic codes have been described in eukaryotic nuclear genomes. Most involve reassignment of one or two termination codons as sense ones [1] [2] [3] [4] , but no code variant is known that would have reassigned all three termination codons. Here, we describe such a variant that we discovered in a clade of trypanosomatids comprising nominal Blastocrithidia species. In these protists, UGA has been reassigned to encode tryptophan, while UAG and UAA (UAR) have become glutamate encoding. Strikingly, UAA and, less frequently, UAG also serve as bona fide termination codons. The release factor eRF1 in Blastocrithidia contains a substitution of a conserved serine residue predicted to decrease its affinity to UGA, which explains why this triplet can be read as a sense codon. However, the molecular basis for the dual interpretation of UAR codons remains elusive. Our findings expand the limits of comprehension of one of the fundamental processes in molecular biology.
RESULTS AND DISCUSSION
While studying the RABL2 gene [5] , we noticed that the transcriptome shotgun assembly (TSA) from the bug Lygus hesperus [6] surprisingly includes a sequence highly similar to trypanosomatid RABL2 orthologs, yet contains multiple in-frame termination codons. Subsequent searches of the L. hesperus TSA revealed additional trypanosomatid-like sequences with the same feature (Supplemental Experimental Procedures; Figure 1A ; Figure S1 ). Importantly, all three termination codons, i.e., UAG, UAA, and UAA, could be found apparently interrupting coding sequences in the trypanosomatid-like contigs, often all three in the same coding sequence. Altogether we examined 125 contigs with obvious trypanosomatid affinity, 100 of which featured at least a partial splice leader (SL) sequence, i.e., an invariant region at the 5 0 end of mRNA molecules attached by the process of trans-splicing (Table S1 ) [7] . This indicates that most, if not all, of these contigs correspond to mRNA molecules rather than to contaminating DNA. Of the 125 transcripts investigated, 77 included at least one of the UAG, UAA, or UAA codons within their predicted coding sequences (i.e., upstream of the presumed genuine termination codons; see below). This suggested that the TSA from L. hesperus is contaminated by a trypanosomatid-related organism employing a non-canonical genetic code that has reassigned UAG, UAA, and UGA as sense codons. Meadow bugs (family Miridae), which include L. hesperus, are known to host trypanosomatids [8] . Therefore, we assumed that the L. hesperus individuals used in the transcriptome sequencing project had been infected with these flagellates. Indeed, we were able to assemble a full trypanosomatid 18S rRNA sequence from the respective raw RNA sequencing (RNA-seq) reads. It proved to be identical to an 18S rRNA gene sequence that we obtained from a trypanosomatid inhabiting a Lygus sp. bug collected in Northern Karelia, Russia (Supplemental Experimental Procedures). This parasite, perhaps, represents a hitherto undescribed species and belongs to a clade composed of species assigned to the genus Blastocrithidia ( Figure 1B) . Note that the taxonomy of this trypanosomatid group is poorly studied [8, 9] , and its true generic affinity is uncertain. Our unpublished results suggest that the type species of the genus Blastocrithidia may represent a separate lineage. Hence, classification of the clade including the parasite of L. hesperus as Blastocrithidia should be considered provisional.
We searched the L. hesperus TSA for homologs of conserved genes used previously in a multi-protein analysis of the trypanosomatid phylogeny [10] . Trypanosomatid orthologs were found for 64 of them, one for each gene (Table S1) , suggesting infection by one trypanosomatid species hereafter referred to as Blastocrithidia sp. An analysis of kinetoplastid phylogeny using a supermatrix of amino acid sequences deduced for the respective 64 genes ( Figure S2A ) showed Blastocrithidia sp. as an isolated lineage possibly related to the recently proposed subfamily Phytomonadinae [11] . The lack of close relatives of the Blastocrithidia sp. in the phylogenomic tree is an expected result given the lack of genome-scale data from Blastocrithidia species. However, the assignment of this trypanosomatid to the Blastocrithidia clade was validated by close relationship of its HSP83 sequence with those we obtained from two identified Blastocrithidia species (B. miridarum and B. triatomae; Figure S2B ). Moreover, HSP83 gene sequences of both species also exhibited in-frame UAG, UAA, and UGA codons ( Figure 1A ). This indicates that the non-canonical genetic code is inherent to representatives of both main Blastocrithidia subclades ( Figure 1B ), suggesting that this feature was present in an ancestor of the whole clade.
The known non-canonical genetic code variants of eukaryotic nuclear genomes belong to two categories. In the first category, the meaning of a particular codon is changed from one amino acid to another, but such a variant has so far been described only from two groups of yeasts [12, 13] . The second, more common category includes codes changing a standard termination codon to a sense one [1, 3, 4] . Reassignment of UGA has been so far restricted to some ciliates. Specifically, UGA is used as a cysteine codon in Euplotes spp. [14] and as a tryptophan codon in at least two independent ciliate lineages, the genus Colpoda and a subgroup of the class Heterotrichea (e.g., Stentor and Blepharisma) [15] . Several other ciliate lineages have retained UGA as a termination codon and reassigned UAR as sense codons specifying glutamate or glutamine. The former variant was reported from peritrich ciliates Vorticella and Opisthonecta [2] . The usage of UAR for glutamine appears to have evolved in several ciliate lineages independently (from four to six independent origins of this genetic code variant in ciliates have been proposed; [1, 15] ). Moreover, UAR reassignment to glutamine has been reported from a growing number of Table S1. eukaryotic taxa outside ciliates. Those include hexamitid diplomonads [16] , a subset of ulvophytes [17] , some oxymonads [18] , and Amoebaphelidium protococcarum, a member of the Aphelidea (algal parasites related to Fungi) [19] .
Despite the expanding list of eukaryotes with deviating genetic codes for nuclear genes, the presumed reassignment of all three termination codons as sense ones we revealed Figure S1 and Table S1. in the Blastocrithidia sp. transcripts is unprecedented to our knowledge (but see Note Added in Proof below). Therefore, we investigated features of this apparently novel code variant in detail. First, we tried to establish the meaning of the reassigned UAG, UAA, and UGA codons. To this end, we analyzed the multiple sequence alignments of the 64 Blastocrithidia sp. sequences and their kinetoplastid orthologs that we used in the phylogenomic analysis above. Of these, 55 contained at least one apparent in-frame termination codon (UAG, UAA, or UGA) in sequences from Blastocrithidia sp. (examples provided in Figure S1 ). We investigated the identity and the degree of amino acid conservation at positions corresponding to these in-frame termination codons. Each position was considered as conserved if a given amino acid was present in at least 75% of the sequences in the sequence alignment; the remaining positions were treated as non-conserved. 92.09% of conserved positions with inframe UAG and 87.50% of conserved positions with in-frame UAA corresponded to glutamate, whereas the percentage of conserved positions with any other particular amino acid did not exceed 4% (Figure 2 ). Among the conserved positions with in-frame UGA, 96.15% corresponded to tryptophan. When both conserved and non-conserved positions were considered, the above values decreased to 54.52% for UAG, 53.58% for UAA, and 85.23% for UGA positions (Figure 2 ).
We assume that each codon is translated as the same amino acid at all positions (there is only one known exception to this rule: the ciliate Euplotes crassus translating UGA as cysteine in most positions or as selenocysteine in certain positions defined by the SECIS element [20] ). Hence, the analysis above suggests that in Blastocrithidia sp., UAG and UAA are translated as glutamate and UGA is translated as tryptophan. None of these reassignments is without a precedent. As discussed above, UAA and UAG encoding glutamate are known from nuclear genes of the ciliates Vorticella and Opisthonecta, but UGA in these species apparently serves as a termination codon and does not encode tryptophan [2] . On the other hand, UGA reassigned as a tryptophan codon is one of the most common deviations from the standard genetic code. It is known from some bacterial, mitochondrial, and plastid translation systems [1] , as well as from the nuclear genomes of two lineages of ciliates (different from that exhibiting UAR as glutamate codons [15] ).
Strikingly, UAG and UAA are used not only as glutamate codons in Blastocrithidia sp., but both apparently still designate translation termination ( Figure 1A ; Figure S1 ). Based on conservation of C-terminal sequences of trypanosomatid orthologs, we could define putative bona fide termination codons for 115 out of 125 Blastocrithidia sp. transcripts analyzed (the remaining ten transcript sequences were either incomplete at the 3 0 end or there were multiple equally likely candidates for the termination codon in them). In this sample of inferred termination codons, UAA predominated (109 cases), while UAG was used rarely (only in six transcripts), and no coding sequence was found to be terminated with UGA (Table S1 ). In contrast, UAG was used more often as a sense codon than UAA in the same sample of 115 transcripts (404 versus 124 instances, respectively).
Next, we investigated to what extent the non-standard codons have already become integrated into the genetic vocabulary of Blastocrithidia sp. by checking possible bias in usage of the non-standard codons compared to synonymous standard codons for glutamate and tryptophan. We specifically focused on three sets of genes representing different functional categories: (1) ribosomal proteins (55 genes), (2) aminoacyl-tRNA synthetases (15 genes), and (3) enzymes of the Krebs cycle (8 genes) (Table S1 ). We then calculated expected numbers of each of the glutamate (UAG, UAA, GAG, GAA) and tryptophan (UGA and UGG) codons separately for each gene category and compared them with the actual observed numbers (Supplemental Experimental Procedures). We revealed that genes for ribosomal proteins use UAG, UAA, and UGA codons with a significantly lower frequency than expected (Figure 3 ). In the remaining two gene categories, UAG and especially UAA are also Observed and expected (i.e., theoretical unbiased) numbers of the codons were calculated for three different gene sets as described in Supplemental Experimental Procedures. The differences between the observed and expected numbers were tested using the chi-square test (separately for the UGA-UGG, UAG-GAG, and UAA-GAA pairs). All differences were statistically significant, except the differences between the observed and expected numbers concerning the UGA-UGG pairs in aminoacyl-tRNA synthetases and Krebs cycle enzymes (p > 0.05 in both cases).
significantly depleted, but UGA is used with the same frequency as UGG (Figure 3) .
Two factors, not necessarily mutually exclusive, need to be considered as possible causes of the observed bias. First, the depletion of the non-standard codons as compared to the standard synonymous ones (only in some gene categories in case of UGA versus UGG) may reflect the fact that a certain evolutionary time is needed for the newly reassigned non-standard codons to spread across the genome and equilibrate in frequency with the originally present synonymous standard codons. However, the phylogenetically broad occurrence of the new code variant in the Blastocrithidia clade suggests that the change in the code is not a particularly recent event. Hence, negative selection acting against the spreading of the non-standard codons in coding sequences of Blastocrithidia may be the actual factor behind the pattern observed. This is apparent from the fact that the different gene categories exhibit a different degree of depletion of the three non-standard codons ( Figure 3) . UGA is not discriminated at all in some gene categories (aminoacyl-tRNA synthetases, Krebs cycle enzymes), indicating that its frequency has equilibrated with UGG. However, it is strongly depleted in genes for ribosomal proteins, which is a gene category known to require highly efficient translation of the respective mRNAs, imposing a particularly strong pressure on codon usage [21] . Assuming that the main entry of both UAG and UAA codons into the Blastocrithidia coding sequences is the same G-to-U transversion of the first nucleotide in GAG and GAA codons, respectively, the selectively neutral model predicts that the UAG-to-GAG and UAA-to-GAA ratios should be roughly the same. However, the latter ratio actually is substantially smaller in all three gene categories tested (Figure 3) . Hence, there may be stronger negative selection operating against in-frame UAA codons, apparently because UAA is the main termination codon in the Blastocrithidia genetic code.
The efficiency of different synonymous codons in translation is primarily dictated by the relative abundances of the corresponding isoacceptor aminoacyl-tRNA molecules [4, 22] . Therefore, it is possible that the observed bias against the usage of UAG, UAA, and UGA codons is at least partly due to limited abundance of hypothetical cognate aminoacyl-tRNAs. However, efficient accommodation of any of UAG, UAA, or UGA codons as sense ones requires not only the existence of (sufficiently abundant) cognate aminoacyl-tRNAs but also specific modifications in the eukaryotic release factor 1, eRF1 [23] . This protein is responsible for recognizing all three termination codons in an mRNA during translation and liberating the nascent polypeptide chain from the tRNA that has brought the last (C-terminal) amino acid residue [24] . Reassignment of any of the termination codons thus necessitates narrowing the specificity of the eRF1 protein to avoid interference with the proper function of the reassigned codon. Indeed, studies of eRF1 sequences in eukaryotes with such reassignments revealed that the altered specificity is accompanied by changes in highly conserved regions of the protein [23] . There are several known conserved elements in eRF1 important for termination codon recognition: GTS, Glu55, (TAS) NIKS, and YxCxxxF [25] . Eukaryotes that use non-standard genetic codes typically exhibit alternations in these motifs [23, 26] . Intriguingly, eRF1 in Blastocrithidia sp. shows no changes in any of these standard motifs ( Figure S3 ).
In addition, the eRF1 proteins of unrelated ciliate lineages with non-canonical genetic codes were shown to possess several unique convergently acquired amino acid substitutions [26] . Specifically, ciliates utilizing UGA as a sense codon exhibit a characteristic Ser70Ala mutation. Indeed, an alanine scanning mutagenesis of the yeast eRF1 demonstrated that the Ser70 residue is critical for recognition of the UGA codon by the eRF1 protein [27] . Therefore, it seems significant that the eRF1 protein from Blastocrithidia sp. exhibits an equivalent Ser70Gly substitution, which is not shared with other investigated trypanosomatid species employing the standard genetic code ( Figure S3) . Hence, the Blastocrithidia sp. eRF1 is predicted to ignore UGA as a termination codon, although it remains to be tested whether the affinity to this codon is completely lost or just decreased. The latter possibility is suggested by the bias against UGA in genes for ribosomal proteins of Blastocrithidia sp. (see above). However, it is presently unclear what might be the modifications of eRF1 that allow Blastocrithidia sp. to use UAG and UAA as sense codons and how the eRF1 protein discriminates individual UAR sense codons from bona fide termination codons. The negative bias in UAR (especially UAA) usage may indicate that this discrimination is inefficient. Indeed, such a situation is predicted to occur under the ''ambiguous intermediate'' mechanism of genetic code evolution [1, 28] .
In summary, we provide the first evidence for the presence of a non-canonical nuclear genetic code in trypanosomatids, a wellstudied group comprising some deadly human pathogens. Moreover, this genetic code is unprecedented, and its features point to an unanticipated functional and evolutionary flexibility of the translation system. Detailed genomic and biochemical analyses are needed to unveil the actual molecular mechanism behind the peculiar genetic code in Blastocrithidia.
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